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Features of the Water-Mass Front in the Northwestern North Pacific 
RuO-CHAO ZHANG AND KIMIO HANAWA 
Department of Geophysics, Faculty of Science, Tohoku University, Sendai, Japan 
Analysis of the hydrographic data taken in the northern North Pacific has revealed a water-mass 
front defined as the abrupt change of mixing rates between the two typical water masses. Typical water 
masses are situated above the main thermocline in the subtropical and subpolar gyres. This front, 
termed Water-Mass Front in the present study, can be regarded as the boundary between the 
subtropical gyre and the subpolar gyre. The index for detecting the frontal position from the 
temperature field is given as the 5øC isotherm at the 300-m level. Comparisons with data from previous 
studies are also made, and this front appears to correspond to the Subarctic Front in almost every 
instance. 
1. INTRODUCTION 
If measurements are made along meridional sections 
crossing the northern North Pacific Ocean, we can recognize 
the existence of several fronts at the surface and subsurface. 
These fronts are characterized by a horizontally abrupt 
change in temperature and/or salinity. Generally speaking, 
there are several mechanisms that cause frQntogenesis. 
Convergence of waters with different temperature and salin- 
ity due to Ekman transport may play an important role in 
frontogenesis near the ocean surface [Roden, 1972]. On the 
other hand, the existence of the Kuroshio Extension, the 
difference between water masses in the subtropical and 
subpolar gyres, and bathymetric effects [Levine and White, 
1983] affect frontogenesis under the surface mixed layer 
depth. 
For the northern North Pacific, Roden [1972, 1975] and 
Roden et al. [ 1982] discussed "polar" and "subarctic" fronts; 
both fronts seem to occur at the boundary between the 
subtropical and subpolar gyres. 
By using 300-m level temperature maps made from XBT 
data which covered the mid-latitude North Pacific, Levine 
and White [1983] also tried to detect fronts existing in the 
same area. They regarded fronts as the lines connecting the 
local maxima of the horizontal temperature gradients in the 
long-term mean fields. As a result, they showed the bifurca- 
tion and trifurcation of the Kuroshio Current system and 
their confluences. 
Many authors have tried to detect fronts existing in this 
area in various ways. In many studies. however, different 
definitions have been given to the same front and clear 
definitions have often been lacking. As a result, it seems that 
names of fronts are often confused; one front has been given 
several names and several fronts have the same name. 
The purpose of the present study is to clarify the positions 
of fronts existing in the area by using data taken along 
several meridians and by summarizing them and comparing 
them with previous studies. 
2. THE DATA 
The data used mainly for the analysis of water properties 
(section 3) are those data observed since 1977 by scientists of 
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the T/V Oshoro Maru and T/V Hokusei Maru, four regular 
observational lines which are located along the meridians of 
155øE, 170øE, 175.5øE and 180 ø as shown in Figure 1. Serial 
observations were made from the water's surface to a depth 
of about 1000 m. The hydrographic observational data used 
in this paper were originally provided by the Japan Ocean- 
ographic Data Center (JODC). 
In addition to those data, we extracted data conducted by 
scientists on two research vessels, the R/V Ryofu Maru and 
the R/V Argo (see Figure 1). These data will be used in 
section 4. Moreover, to show the climatic conditions in the 
whole northern North Pacific, the data set prepared by 
Levitus [1982] was used. 
3. WATER-MASS ANALYSIS 
3.1. Definition of Mixing Rate 
Figure 2a shows the temperature-salinity (T-S) diagram 
for the data taken along the four regular observational lines. 
Here, temperature is not in situ temperature but potential 
temperature, and in the present study we always use poten- 
tial temperature and potential density. Two characteristic 
water masses are noticeable: one in the subtropical gyre (the 
fight-hand curve in the T-S diagram with high temperature 
and high salinity) and the other in the subpolar gyre (the 
left-hand curve with low temperature and low salinity). 
Figure 2b shows the density-temperature graph redrawn 
from the T-S diagram of Figure 2a. Even in this figure, the 
existence of two characteristic water masses with potential 
densities ranging from 25.5 to 27.3 is clear, although the 
waters occupy the region between the two water masses. 
Where does the borderline between the two water masses 
lie geographically? In addition, can we regard this borderline 
as a front? If so, how does the front relate to other fronts, 
i.e., the Polar Front, the Subarctic Front, etc., which have 
been previously proposed by many authors? 
In order to answer these questions, we attempted to locate 
the Water-Mass Front. First, we assumed that mixing occurs 
principally along isopycnal surfaces. We also use an approx- 
imation in our calculations by neglecting the nonlinearity in 
the density change occurring in the mixing processes. In 
other words, a water type which has a particular combina- 
tion of temperature and salinity can be regarded as the 
mixture between the typical waters of the subtropical and 
subpolar gyres, which have the same densities as the mixed 
one. Then we can define the mixing rate as follows: 
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Fig. 1. Map of study area and the positions of the regular 
observation lines conducted by the Faculty of Fisheries, Hokkaido 
University. 
ORT-- 100 x (T- T1)I(T 2 - T1), (1) 
on some specific isopycnal surface, 
R s = 100 x (S - S1)I(S 2 - S1) , (2) 
on some specific isopycnal surface. Here subscripts 1 and 2 
denote the typical values of the subpolar and the subtropical 
gyres for a given isopycnal surface, respectively. Precisely 
speaking, these two values are not the same if the nonlin- 
earity mentioned above is taken into consideration. 
We calculate the mixing rate using only temperature 
because we considered the lateral mixing along the isopycnal 
surfaces, not the isopleth ones. Since density is a function of 
both temperature and salinity, temperature along the isopy- 
cnal surfaces presupposes a correlation with salinity. If the 
contours showing isopycnals in the T-S scatter diagram were 
straight (i.e., the waters do not change their densities after 
mixing between isopycnal layers), the mixing rate calculated 
from temperature and that from salinity are absolutely 
equivalent. Since we used temperature and density in their 
potential values, typical values of salinity could be calcu- 
lated from that of temperature corresponding to their densi- 
ties. 
The place where the mixing rate abruptly changes can be 
defined as a Water-Mass Front, and this front is expected to 
occur in the values of the mixing rate (around 50%) when the 
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Fig. 2. (a) T-S scatter diagram for all data collected along four 
observation lines made by the T/V Oshoro Maru and Hokusei Maru. 
(b) Density-temperature diagram from the data. 
4b, where Figure 4a is the representation on the T-S diagram 
and Figure 4b is that on the density-temperature diagram. 
Actual combinations of temperature and salinity for the two 
typical water masses are shown in Table 1. 
10 
0 
3.2. Two Typical Water Masses >- 
Figure 2 shows temperature versus density and salinity • 10 
data collected along the four regular observational lines. 
Figure 3 shows histograms of observed waters for tempera- O 
ture intervals of 0.25øC on four potential densities. These 
histograms clearly show the bimodal structure in isopycnal u. 0 
surfaces. As deduced from Figure 2, waters lighter than 
about 25.5 tend to gradually loose their bimodal structure, 
and waters denser than about 27.3 tend to gather into one 
mode. Therefore we excluded waters outside the density 
range of 25.5-27.3 from our calculation. As a result, by 
linearly connecting the modes on isopycnal surfaces, we 
defined two typical water masses as shown in Figures 4a and 
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Fig. 3. Histograms of bimodal structure in isopycnal surfaces 
conducted for four typical density surfaces. The data are the same as 
Figure 2. 
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Fig. 4. Curves for two typical water masses determined in the 
present study. (a) T-S diagram and (b) density-temperature dia- 
gram. 
4. WATER-MASS FRONT 
4.1. Examples of the Water-Mass Front Seen 
in Two Longer Meridional Sections 
In this section we present evidence for the existence of the 
Water-Mass Front by using the observational data along two 
longer meridional lines, and we discuss the relation of this 
front with other fronts, such as the Kuroshio Extension 
Front and the Subarctic Front. 
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TABLE 1. Corresponding Temperature-Salinity Pairs of the 




•r 0, kg m -3 T, øC S, psu T, øC S, psu 
25.5 9.10 32.952 15.15 34.429 
26.0 5.85 33.011 13.05 34.504 
26.5 3.50 33.321 8.20 34.052 
26.6 2.40 33.326 7.15 33.986 
26.7 3.35 33.554 6.35 33.977 
26.9 3.55 33.829 4.95 34.014 
27.0 3.50 33.949 4.50 34.077 
27.1 3.50 34.074 4.15 34.156 
27.2 3.40 34.188 3.80 34.237 
27.3 3.15 34.284 3.35 34.307 
psu, practical salinity unit. 
Fig. 5. Cross sections of (a) temperature, (b) salinity, and (c) 
density for an observation line along 155øE line taken in May 1969 by 
the R/V Ryofu Maru. 
In May 1969 the R/V Ryofu Maru, belonging to the Japan 
Meteorological Agency, conducted a hydrographic survey 
along the meridian of 155øE from 31øN to 48øN (see Figure 
1). Potential temperature, salinity, and density data are 
shown in Figures 5a, 5b, and 5c, respectively. We can 
recognize several fronts in Figures 5a-5c. The southern- 
most front around 34.5øN can be regarded as the Kuroshio 
Extension Front (henceforth, KEF). The front around 
40.5øN may be one associated with the Kuroshio Bifurcation 
Current (KBF). Actually, Mizuno and White [1983, hereafter 
referred to as MW] proposed that the definitions of these two 
fronts are the 12øC and the 6ø-8øC isotherms in 300-m-level 
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Fig. 6. The mixing rates of section of Figure 5 calculated from 
(a) the temperature and (b) the salinity. The thick lines correspond 
to 0%, 50%, and 100%; the thin lines correspond to 10%, 30%, 70%, 
and 90%; and the dashed lines correspond to 20%, 40%, 60%, and 
80%, respectively. 
temperature fields, respectively. It was found that these 
indices could be used for our data. 
The front around 43.5øN is seen in the upper 200 m in both 
the temperature and salinity cross sections, but the density 
field is not very informative. The northernmost front near 
47.5øN, which is seen especially in Figures 5b and 5c, is one 
which corresponds to the East Kamchatka Current flowing 
southwestward along the Kuril Islands. 
Figure 6a shows the distribution of mixing rate calculated 
from temperature, which clearly indicates the existence of a 
water-mass front around 43øN. Although, as mentioned 
above, the structure of the front is seen in both temperature 
and salinity fields in the upper 200 m, the Water-Mass Front 
can be traced to a depth of about 600 m. The mixing rate 
calculated from salinity is shown in Figure 6b. Similar 
distributions of both mixing rates are what we expected; 
however, a few small differences indistributions calculated 
from temperature exist. 
Figures 7a-7c show the same parameters as Figure 5, 
except for the 175øE line from 41øN to 55øN (see Figure 1). 
Observations were conducted in February 1966 by the R/V 
Argo. Differences between Figures 5 and 7 are the locations 
and the seasons. Since the southern side i s located at 41øN, 
north of where the Kuroshio Bifurcation Current lies, KEF 
and KBF cannot be seen in this cross section. The surface 
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Fig. 7. Same as Figure 5, but along the 175øE line, taken in 
February 1966 by the R/V Argo. 
150 m, between 40 ø and 50øN. The distribution of the mixing 
rates (Figure 8) also shows the existence of the Water-Mass 
Front. We can trace this front from 200 m to 700 m at 
44ø30'N. The marked shift of the Water-Mass Front between 
the mixed layer and deeper layer can be seen: it appears near 
41 øN in the mixed layer, whereas it was located at 44.5øN for 
the waters below 200 m. This shift was not due entirely to the 
effect of atmospheric cooling because the decrease in tem- 
perature occurred with an increase of density over constant 
salinity. Rather, this shift suggests southward movement of 
the subpolar waters due to Ekman transport by the strong 
winter-time westefiies over the sea area. 
In Figure 7 we can see the strong salinity and density front 
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around 51øN for the whole depth. This front is associated 
with the Alaskan Stream flowing westward along the Aleu- 
tian Islands, whose waters originate from those of the Gulf of 
Alaska. 
4.2. Temporal and Spatial Changes 
of the Water-Mass Front 
Time-latitude diagrams of the mixing rate at the 300-m 
level for the four regular observational lines are shown in 
Figures 9a and 9d (from west to east). Based on the result of 
section 4.1, the 300-m level was selected as the representa- 
tive depth of the Water-Mass Front: This front can be found 
from the upper layer to about 600 m as mentioned in 4.1. The 
observations along 155øE were made twice a year with short 
time intervals. 
Complicated isopleths in the 155øE line suggest the exist- 
ence of eddies and return flows that would cause the mixing 
rate to distribute unevenly from south to north: that is, this 
sea area is regarded as a perturbed area [Kawai, 1972]. On 
the other regular lines, it is shown that the Water-Mass Front 
exists clearly and permanently at almost the same latitudes. 
The average position of the front is around 43øN on the 170øE 
line; on the two eastern regular lines, the average positions 
of the 50% contour of the mixing rate are near 45øN. 
Temporal fluctuations of frontal positions are within 2 ø of 
latitude. It was seen that the width of the front becomes 
wider downstream, especially along the 180 ø line. 
4.3. Water-Mass Fronts in the Whole 
Northern North Pacific 
Figure 10 shows the distribution of the mixing rate at the 
300-m level for four seasons in the whole northern North 
Pacific. The data used here were compiled by Levitus [ 1982]. 
Since these data have been smoothed by filtering, we could 
not expect fine spatial resolution: the contours for the mixing 
rate have much wider widths than those shown in the raw 
data of the preceding subsections. In addition, we must note 
that the selected typical water masses are the same as those 
shown in Figure 4. Whether or not the selected water masses 
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Fig. 9. Time series of the mixing rate in 300-m level against he latitude for (a) the 155øE line, (b) the 170øE line, (c) 
the 175.5øE line, and (d) the 180 ø line. Data taken from Figure 6. 
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Fig. 10. Distribution of the mixing rate at the 300-m level calculated from the data set of Levitus [1982] for four 
seasons. Data source and format are the same as Figure 6. 
Nevertheless, it is interesting that the 50% contour runs from 
the south near Japan to the Gulf of Alaska. In addition, this 
distribution of mixing rate strongly suggests the progression 
of mixing processes from the western Pacific to the eastern 
Pacific. Since the contours of 30% to 80% gather in the 
region near Japan to the date line, we may regard these as 
the Water-Mass Front for that area. A high mixing rate is 
observed in the Gulf of Alaska and reflects the existence of 
the anticlockwise Alaskan Gyre. It is interesting that in the 
fall, the contours shift northward around the date line, and 
the Subpolar Gyre seems to split into western and eastern 
gyres. 
In conclusion, Figures 4 and 10 show that the Water-Mass 
Front can be regarded as the boundary of water masses 
between the subtropical and subpolar gyres. 
5. TEMPERATURE INDEX FOR THE WATER-MASS FRONT 
The Water-Mass Front defined here is the front where the 
horizontal mixing rates change abruptly. Therefore, both 
temperature and salinity data are needed. However, since 
temperature data taken by XBT measurements are more 
readily available than hydrographic observations, it seemed 
practical to explore the existence of a temperature index for 
the Water-Mass Front. Since the Water-Mass Front corre- 
sponds to temperature variation, it is expected that there is 
some relationship between temperature and mixing rate at 
some specific depth. 
In section 4 we selected 300 m as the representative depth 
for our study. Since the depth of 300 m is under the mixed 
layer, waters do not suffer direct influences from the atmo- 
sphere. Figure 11 shows the relationship between the mixing 
rate and temperature for the waters of the 300-m level. Based 
on data taken along the four regular observations lines 
described in section 4.2, Figure 11 clearly shows that in spite 
of the salinity variations, the mixing rates correspond well 
with the temperatures. The temperature range correspond- 
ing to mixing rates ranging from 30% to 80% was about 
4ø-6øC. When the contour of 50% is regarded as the Water- 
Mass Front, the 4.6øC isotherm corresponds to the front. 
This fact shows that temperature can be used as an index of 
the Water-Mass Front. Similar results could be obtained 
from several depths (not shown here). It was also found that 
correspondence at the 300-m level is clearest. This is be- 
cause shallower layers are influences by the atmosphere, and 
on the other hand, deeper layers have narrower parameter 
bands which cause larger relative errors. 
Figure 12 is a density-temperature diagram for the waters 
at the 300-m level, in which the two typical water-mass 
curves are superimposed. It is shown that the waters with 
high temperature and low density belong to the subtropical 
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Fig. 11. Mixing rate against temperature for the 300-m level of the 
four regular lines. 
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range higher than about 6øC are within the subtropical gyre. 
The temperature variationof the Water-Mass Front is not so 
large in comparison with that of the fronts within the 
subtropical gyre (i.e., KEF and KBF) because the temper- 
ature range corresponding to the Water-Mass Front is nar- 
row. 
Figure 13 is a diagram of density-salinity for the waters at 
300 m depth, superimposed with the two typical water-mass 
curves. This strongly suggests that the salinity distribution in 
this level is reversed predominately in the meridional direc- 
tion, in contrast to the temperature distribution (Figure 12). 
We selected temperature as the parameter of our study 
because we used XBT data and because there is correspon- 
dence between temperature and mixing rate for the waters at 
the 300-m level. This correspondence may not be self- 
evident; it depends on the distributions of parameters in the 
actual ocean. Their consequences are summarized in Figures 
11 and 12. 
6. SUMMARY OF FRONTS IN THE NORTHERN NORTH PACIFIC: 
COMPARISON WITH PREVIOUS STUDIES 
Within the Subtropical Gyre, fronts are recognized as 
structures of inclined isopycnal surfaces in the same water 
mass, for example, KEF and KBF. The same water mass 
means a water of a particular density corresponding to a 
particular combination of temperature and salinity. There- 
fore, in regions south of the Water-Mass Front, sloping 
temperature isotherms appearing in cross section corre- 
spond to sloping isopleths of density, so that the structures 
of temperature directly reflect those of density. 
Although the data used here are restricted to summer, the 
fact that the Water-Mass Front exists north of 40øN is 
inconsistent with the descriptions for the North Subarctic 
Front by Levine and White [1983], in which the front is 
referred to as the most northern bifurcation from KEF 
between 35øN near 160øE and 41øN near 167øE in the 
long-term mean temperature fields. Usually, the name Sub- 
arctic Front is used in cases concerning the subpolar gyre as 
its name specifies. That is, it is better to assume that the 
North Subarctic Front of Levine and White [1983] shows the 
average path of the Kuroshio Bifurcation Current. Actually, 
it has been suggested that the composite of the bifurcation 
25.5 ' I 
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Fig. 12. Density-temperature diagram for the same data as Figure 
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Fig. 13. Same as Figure 12 but using salinity as the x axis. 
front shown in Figure 16 of MW corresponds to the most 
northern front in Figure 4 of Levine and White [1983]. The 
Water-Mass Front does not necessarily mean the noticeable 
maximum of temperature gradient, which is used as the front 
index by Levine and White [1983]. Rather, the Water-Mass 
Front shows only a weak maximum of temperature gradient. 
Therefore there is a possibility that all the fronts described 
by Levine and White [1983] belong to the subtropical gyre. 
Roden [1972, 1975] showed three finely resolved observa- 
tions and summarized fronts in his figures. Figure 2 of Roden 
[1975], which shows the Kuroshio (Extension) Front, origi- 
nated from Figure 7 of Roden [1972]. In the original figure, 
the temperature and salinity do not vary monotonously. 
Moreover, their structures are very similar. Therefore it is 
better to assume that there is a combination of the Kuroshio 
Bifurcation Front and an eddy. Similarly, Figure 7 of Roden 
[1975], which shows the Subarctic front (originated from 
Figure 4 of Roden [1972]), can be considered the Water- 
Mass Front accompanied by an eddy on its southern side. 
Since, unfortunately, we could not obtain those data from 
the file provided by the Japan Oceanographic Data Center, 
except in a few instances, we could not confirm the obser- 
vations. 
Figure 12 of Roden et al. [ 1982] shows an interesting case, 
and we could obtain these data from the file provided. The 
cross sections for parameters of temperature, salinity, and 
density are shown in Figure 14. Two fronts can be found 
from the temperature, salinity, and density sections. The 
southern one is KEF: temperature at the 300-m level is about 
13øC in the strongly sloping region of isotherms near 34øN. 
The northern front near 42øN can be regarded as the KBF 
which coincides with the temperature index for KBF: 6 ø- 
8øC. On the other hand, this is also regarded as the Water- 
Mass Front as deduced from the distribution of the mixing 
rate shown in Figure 15. It may be that existing eddies 
coincide with KBF and the Water-Mass Front. 
Only Roden et al. [1982] used the term "Polar Front." 
Owing to a lack of salinity data and a shallower observation 
depth, it is difficult for us to identify the front in Figure 4 of 
Roden et al. However, the "Polar Front" seems to be the 
Water-Mass Front from the viewpoint of temperature struc- 
tures, since the relationship between the front position and 
the 200-m level temperature field for the Water-Mass Front 
is very similar to that at the 300-m level. The division of the 
5øC isotherm for the two gyres supports our conclusion that 
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Fig. 14. Same as Figure 5 but along the 165øE line taken in August 
1967. 
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Fig. 15. Same as Figure 6 but of section of Figure 14. 
tic Front in Figure 4 of Roden et al. [1982] can be regarded 
as the KBF. 
Table 2 shows the correspondence among the fronts 
described by Mizuno and White [1983], Roden [1972, 1975], 
Roden et al. [1982], and this study. 
7. CONCLUSION 
The Water-Mass Front can be regarded as the boundary of 
two water masses representing the subtropical and subpolar 
gyres. Owing to lateral mixing changes along the front 
structures, the Water-Mass Front can be traced to almost the 
date line. The present analyses are consistent with the 
the "Polar Front" of Roden et al. [1982] corresponds to the 
Water-Mass Front that we propose here. 
The remaining question is what is the front that Roden et 
al. [1982, Figure 4] called the "Subarctic Front"? Since 
there are no salinity data for their work, the only key to 
answer this question is their temperature structures. Their 
observation depths are too shallow to use the indices of the 
300-m-level temperature field proposed in this paper. There- 
fore we can make a comparison only between the Subarctic 
Front at 155øE (Figure 4 of Roden et al. [1982]) and the 
Kuroshio Bifurcation Front in our Figure 5. There is a 
similarity between the temperature structures, particularly 
the abrupt temperature variations at the 200-m level and the 
temperature ranges across the fronts. Therefore the Subarc- 
TABLE 2. Corresponding Fronts in Previous Studies and in 
This Study and the Temperature Indices at the 300-m Level 
Temperature at 300 m 
Depth 
Source 12øC 6-8øC 5øC 
Figure 2 of Roden [1975] '" KEF '" 
Figure 7 of Roden [1975] "' SAF SAF 
Figure 4 of Roden [1975] KEF SAF POF 
Figure 12 of Roden et al. [1982] KEF SAF SAF 
Mizuno and White [1983] KEF KBF '" 
This study KEF KBF WMF 
*KEF, Kuroshio Extension Front; KBF, Kuroshio Bifurcation 
Front; SAF, Subarctic Front; POF, Polar Front; WMF, Water-Mass 
Front. 
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indices for KEF and KBF suggested by MW, which are 
defined as the 12øC and the 6ø-8øC isotherms in the 300-m 
temperature field, respectively. The relationship between 
the 300-m-level temperature and the mixing rate was consid- 
ered. The temperature range corresponding to the Water- 
Mass Front is about 4ø-6øC: precisely speaking, the 5øC 
isotherm coincides with the mixing rate of about 65%. The 
abrupt variations in mixing rate do not necessarily corre- 
spond to those in temperature. Therefore the weak temper- 
ature gradients do not mean the absence of the Water-Mass 
Front. 
Since the mixing rate indicates variations in temperature 
and salinity along the isopycnal surfaces, it does not change 
its values for the frontal structures that formed basically 
from the same water mass, for example, the KEF, though it 
presents horizontal gradients of temperature, salinity, and 
density. In the frontal region, cross-isopycnal mixing may be 
important. However, observing mixing rate processes on 
isopycnal surfaces will yield a better approximation than 
observing those on isopleths. If cross sections are redrawn 
with vertical axis of density instead of depth, concentration 
of the mixing rate contours means high horizontal gradients 
of both the temperature and the salinity. 
In the downstream sections the change of mixing rate 
becomes weaker, which indicates the existence of lateral 
mixing. On the other hand, the upper mixed layer with low 
mixing rate moves southward for a distance, which may be 
due to Ekman transport. 
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